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RESUMEN
Se analizó la variabilidad de precipitación y temperatura en múltiples escalas de tiempo utilizando datos de 
FLQFRHVWDFLRQHVGHREVHUYDFLyQHQVXSHU¿FLHORFDOL]DGDVHQHOFHQWURGHOHVWDGRGH*XDQDMXDWR0p[LFR
DVtFRPRGDWRVGHOUHDQiOLVLVUHJLRQDOGH1RUWHDPpULFD1$55SRUVXVVLJODVHQLQJOpV/RVUHVXOWDGRV
LQGLFDQTXHQRVHHQFRQWUyLQFUHPHQWRHQODIUHFXHQFLDGHOQ~PHURGHGtDVFRQSUHFLSLWDFLyQTXHH[FHGDQHO
percentil 90 durante el periodo 1979-2011; sin embargo, la frecuencia del número de días con temperatura 
Pi[LPDVXSHULRUDOSHUFHQWLOVHLQFUHPHQWyPiVGHGRVYHFHVHQHVHPLVPRSHULRGR\ODIUHFXHQFLDHQ
HOQ~PHURGHGtDVFRQWHPSHUDWXUDPi[LPDLQIHULRUDOSHUFHQWLOGLVPLQX\yFDVLDODPLWDGHQHOPLVPR
periodo, lo que da como resultado la escasa disponibilidad de agua para la actividad económica basada en 
la agricultura. Se encontró además que la precipitación dentro de la temporada varía de acuerdo con la fase 
HQODTXHVHHQFXHQWUHODRVFLODFLyQ0DGGHQ-XOLDQ0-2SRUVXVVLJODVHQLQJOpV6HREVHUYyTXHFXDQGR
se presentan las fases 1-3 de la MJO la precipitación es superior a la normal y cuando se presentan las fases 
4-7 de la MJO es inferior a la normal. Las anomalías de precipitación, presión, viento y temperatura tanto a 
QLYHOVXSHU¿FLDOFRPRDXQDDOWXUDJHRSRWHQFLDOGHPEPRVWUDURQTXHORVGtDVFRQOOXYLDHQ*XDQDMXDWR
VHDVRFLDQFRQÀXMRDVFHQGHQWH\FRVWHURDVtFRPRGLVPLQXFLRQHVHQODWHPSHUDWXUDVXSHU¿FLDO\ODHYDSRUD-
ción potencial. Las fases 1-3 y 8 de la MJO muestran una buena correlación con estas anomalías. De manera 
VLPLODUODVDQRPDOtDVREVHUYDGDVHQORVGtDVVLQOOXYLDHQ*XDQDMXDWRFRQVLVWLHURQHQWHPSHUDWXUDVXSHU¿FLDO
PiVHOHYDGDÀXMRDQWLFLFOyQLFRTXHFXEUHHOQRUWHGH0p[LFR\HYDSRUDFLyQSRWHQFLDOLQWHQVL¿FDGD/DV
fases 4-7 de la MJO muestran una buena correlación con esas anomalías.
ABSTRACT
9DULDELOLW\RISUHFLSLWDWLRQDQGWHPSHUDWXUHZDVH[DPLQHGRQPXOWLSOHWLPHVFDOHVXVLQJGDWDIURP¿YHVXUIDFH
REVHUYLQJVWDWLRQVLQWKHFHQWHURI*XDQDMXDWRVWDWH0H[LFRDVZHOODVJULGGHGGDWDIURPWKH1RUWK$PHULFDQ
5HJLRQDO5HDQDO\VLV1$55)UHTXHQF\RIGD\VZLWKWRWDOSUHFLSLWDWLRQH[FHHGLQJWKHWKSHUFHQWLOHZDV
QRWIRXQGWRKDYHLQFUHDVHGIURP+RZHYHUIUHTXHQF\RIGD\VZLWKPD[LPXPWHPSHUDWXUHDERYH
WKHWKSHUFHQWLOHPRUHWKDQGRXEOHGIURPDQGIUHTXHQF\RIGD\VZLWKPD[LPXPWHPSHUDWXUH
below the 10th percentile decreased by almost half over the same period, an important result given the scarcity 
of water resources for the agriculture-based economy. Precipitation within the growing season was found to 
YDU\E\SKDVHRIWKH0DGGHQ-XOLDQRVFLOODWLRQ0-2ZLWK0-2SKDVHVDVVRFLDWHGZLWKDERYHQRUPDO
rainfall and MJO phases 4-7 with normal or below normal rainfall. Composite anomalies of precipitation, 
surface pressure, surface wind, surface temperature, and 700 mbar height showed that days with rainfall in 
*XDQDMXDWRZHUHDVVRFLDWHGZLWKRQVKRUHXSVORSHÀRZUHGXFHGVXUIDFHWHPSHUDWXUHVDQGUHGXFHGSRWHQWLDO
evaporation. Composites for MJO phases 1-3 and 8 agreed well with these anomalies. Similarly, composite 
DQRPDOLHVIRUGD\VZLWKRXWUDLQIDOOLQ*XDQDMXDWRVKRZHGZDUPVXUIDFHWHPSHUDWXUHVEURDGDQWLF\FORQLF
ÀRZRYHUPXFKRIQRUWKHUQ0H[LFRDQGHQKDQFHGSRWHQWLDOHYDSRUDWLRQ&RPSRVLWHVIRU0-2SKDVHV
agreed well with these anomalies.
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1. Introduction
*XDQDMXDWRVWDWHLQWKHJHRJUDSKLFFHQWHURI0H[LFR
is located in one of the country’s primary agricultural 
zones, with agriculture the largest single productive 
activity in the state in terms of both gross value 
and employment generated. The agricultural sector 
is a heavy user of water, utilizing up to 87% of all 
available surface and underground water in the 
VWDWH +XHUWDet al. +RZHYHU WKHVHZDWHU
resources are scarce; therefore, it is vitally important 
to understand the hydrometeorological variability 
of the area, particularly variability in precipitation, 
temperature, evaporation, runoff, and associated 
atmospheric circulation. Like much of western sub-
tropical North America, the western and central parts 
RI*XDQDMXDWRVWDWHDUHFKDUDFWHUL]HGE\DVHPLDULG
monsoon climate, with 90% of the 600 mm annual 
precipitation falling between May and October, and 
WKHPDMRULW\RIWKDWIDOOLQJIURP-XQHWR6HSWHPEHU
*DUFtD6XPPHUWLPHSUHFLSLWDWLRQLVODUJHO\
generated through interactions between the varied 
topography and atmospheric circulation cells associ-
DWHGZLWKWKH1RUWK$PHULFDQ0RQVRRQ'RXJODVet 
alDVZHOODVWKHLUUHJXODUSDVVDJHRIWURSLFDO
cyclone remnants. The variability in precipitation of 
*XDQDMXDWRIROORZVWKHWRSRJUDSK\ZKLFKQDWXUDOO\
subdivides the state into three different regions: the 
(MH1HRYROFDQLFRLQWKHVRXWKZHVWRIWKHVWDWHWKH
Mesa del Centro in the central region, and the Sierra 
0DGUH2ULHQWDOLQWKHQRUWKHDVWFRUQHU)LJ7KH
(MH1HRYROFiQLFRUHJLRQLVWKHÀDWWHVWRIWKHWKUHH
regions, with elevations around 1500 m over most 
of the area rising to near 3000 m in the far southeast 
)LJ7KH0HVDGHO&HQWURUHJLRQLVFKDUDFWHU-
ized by plateaus and escarpments, with elevations 
generally between 2000 and 2500 m. The Sierra 
Madre Oriental has the lowest elevations, below 
500 m, but also the sharpest valleys and most varied 
topography, declining abruptly from over 2500 m to 
the valleys below.
This paper will focus on variability in the Mesa 
GHO&HQWURUHJLRQ7KH(MHDQG0HVDGHO&HQWURUH-
JLRQVZHUHFODVVL¿HGE\*DUFtDDVDVHPLDULG
monsoon climate zone because nearly all of the an-
nual precipitation falls during the summer months. 
The Sierra Madre Oriental region also receives the 
PDMRULW\RILWVSUHFLSLWDWLRQGXULQJVXPPHUPRQWKV
but unlike the two regions to its west, it also receives 
precipitation in other months of the year, primarily 
as a result of the passage of winter frontal systems. 
This transition in precipitation regimes was noted by 
&RPULHDQG*OHQZKRFODVVL¿HGWKH(MHDQG
Mesa del Centro regions as a “monsoon” precipita-
tion regime, with a pronounced peak in precipitation 
between June and September, while classifying the 
Sierra Madre Oriental region, with its precipitation 
throughout the year, the same as the lowlands of 
QRUWKHDVWHUQ0H[LFR7KHZHVWHUQWZRWKLUGVRIWKH
VWDWHKDYHDOVREHHQFODVVL¿HGLQWRWKH³&HQWUDO´FOL-
mate zone, with the eastern part of the state included 
LQWKH³(DVW´]RQH*LGGLQJVet al
In addition to being situated in a transition between 
FOLPDWH]RQHV*XDQDMXDWRVWDWHLVDOVRVLWXDWHGDWWKH
transition zone of the effects of the El Niño-Southern 
2VFLOODWLRQ (162$UHDV WR WKH VRXWK LQFOXGLQJ
VRXWKHUQDQGHDVWHUQ0H[LFRDQGWKH3DFL¿FFRDVW
RI&HQWUDO$PHULFDH[SHULHQFHGU\ZHWVXPPHUWLPH
FRQGLWLRQVGXULQJWKHZDUPFRRO(O1LxR/D1LxD
Guanajuato state: regions and topography
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RIVWDWLRQV$(XVHGLQWKLVVWXG\6WDWLRQVLGHQWL¿HGLQ
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SKDVHRI(1623HUDOWD+HUQiQGH]et al,Q
FRQWUDVWDUHDVDURXQGDQGWRWKHQRUWKRI*XDQDMXDWR
H[SHULHQFHYHU\OLWWOHFRYDULDELOLW\LQVXPPHUWLPH
SUHFLSLWDWLRQZLWKSKDVHRI(1620DJDxDet al., 
$OWKRXJK WRWDO VXPPHUSUHFLSLWDWLRQYDULHV
OLWWOH E\ SKDVH RI(162 (QJOHKDUW DQG'RXJODV
*XDQDMXDWRVWDWHGRHVH[SHULHQFHYDULDELOLW\
LQH[WUHPHSUHFLSLWDWLRQHYHQWVLQFOXGLQJERWKKHDY\
UDLQIDOODQGGURXJKW0pQGH]3pUH]DQGWKLV
variability has been connected to not only ENSO 
(e.g., Ropelewski and Halpert, 1986; Cavazos and 
+DVWHQUDWKEXWDOVRWKH$WODQWLF0XOWLGHFDGDO
2VFLOODWLRQ $02 &XUWLV  )RU H[DPSOH
*XDQDMXDWRVXIIHUHGH[WUHPHHYHQWVIURP
2009, with 37 of those associated with precipitation 
DQGWKHRWKHUZLWKWHPSHUDWXUH&RQVWDQWLQRDQG
'iYLOD
On time scales shorter than ENSO and the AMO, 
%DUORZDQG6DOVWHLQIRXQGVWDWLVWLFDOO\VLJQLI-
icant modulations over all of North American rainfall 
DVVRFLDWHGZLWKWKH0DGGHQ-XOLDQ2VFLOODWLRQ0-2
0DGGHQDQG-XOLDQ7KH\IRXQGWKDWGXULQJ
active local MJO, summer precipitation increased 
LQFHQWUDODQGVRXWKHUQ0H[LFRZLWKPDQ\VWDWLRQV
receiving 25% more than normal and some stations 
UHFHLYLQJLQH[FHVVRIDERYHQRUPDO7KHVHLQ-
creases were found to be driven primarily by changes 
in mean circulation, including a related increase in 
WKHIUHTXHQF\RIWURSLFDOF\FORQHVDORQJWKH3DFL¿F
FRDVW0DORQH\DQG+DUWPDQQ%DUUHWWDQG/HV-
OLH6WDWLRQVLQQRUWKHUQ0H[LFRH[SHULHQFHG
VLPLODU GHFUHDVHV IURP QRUPDOZLWK*XDQDMXDWR
state yet again situated in the transition zone between 
WKHPRGXODWLRQV%DUORZDQG6DOVWHLQ7KLV
SUHVHQWVWXG\H[WHQGVWKHVH¿QGLQJVE\IRFXVLQJRQ
the variability of meteorology and hydrometeorology 
SDUDPHWHUVLQ0H[LFRDQG*XDQDMXDWRRQWLPHVFDOHV
of the MJO in both locations.
Because of its agriculture-based economy and 
heavy water usage, regional and local governing bod-
ies have recently become very concerned with both 
the short- and long-term variability of precipitation 
and the subsequent management of water resources. 
/LNHPXFK RI FHQWUDO0H[LFR WKH DPRXQW RI H[-
traction of groundwater—particularly for irrigation 
during the arid growing season—is unsustainable 
$OOH\et alDQGJURXQGZDWHUOHYHOVKDYHGH-
FOLQHGXSWRPSHU\HDULQVRPHSDUWVRI*XDQDMXDWR
&RUWpVet al(YDSRUDWLRQLVPD[LPL]HGLQ
the summer months, with daily values ranging from 
1.5 mm day-1 in the eastern part of the state to 2 mm 
day-1LQWKHZHVWHUQSDUWRIWKHVWDWH6KHI¿HOGet al., 
3RWHQWLDOHYDSRUDWLRQLVHYHQKLJKHUH[FHHG-
ing 1500 mm year-1. Considering that precipitation 
averages only 600 mm year-1, high agricultural and 
urban demands for water, combined with annual 
HYDSRUDWLRQWKDWH[FHHGVDQQXDOSUHFLSLWDWLRQUHVXOW
LQ D QHWZDWHU GH¿FLW DQG UHFXUULQJ ORZ UHVHUYRLU
VWRUDJHOHYHOV6FRWWet al,QWKHVKRUWWHUP
concerns center on the availability of irrigation water 
for the duration of the agricultural cycle, especially 
DVPRVWRI WKHJURXQGZDWHU LVH[WUDFWHGLQWKHGU\
season and the number of consecutive days with 
less than 1 mm of rainfall has seemingly increased 
$JXLODU et al $GGLWLRQDOO\ WKH VRXWKHUQ
SDUWRI*XDQDMXDWRVWDWHOLHVDWWKHQRUWKHUQUDQJHRI
the region susceptible to the mid-summer dry spell, 
whereby precipitation begins quickly and heavily in 
June, slows in July and August, only to end again 
KHDYLO\LQ6HSWHPEHU0DJDxDet al6KRUW
term planning is also concerned with both daytime 
PLQLPXPDQGPD[LPXPWHPSHUDWXUHVSDUWLFXODUO\
given preliminary evidence of an increase in the num-
ber of days with temperatures in the 90th percentile 
3HWHUVRQet al,QWKHORQJWHUPEH\RQGVL[
months, concerns center on both rainfall and potable 
ZDWHUVWRUDJH+XHUWDet al
Despite these concerns, however, the precipita-
WLRQ DQG WHPSHUDWXUH FOLPDWRORJ\ IRU*XDQDMXDWR
VWDWH UHPDLQVXQGHUVWXGLHG 5DPtUH]et al
particularly from a hydrometeorological perspec-
WLYH )XUWKHUPRUH WKH YDULDELOLW\ RI SUHFLSLWDWLRQ
temperature, evaporation, and potential evaporation, 
as well as accompanying variability in atmospheric 
circulation, within the agricultural cycle—that is, on 
the intraseasonal time scale—has been studied on a 
large-scale but needs to be narrowed to the state of 
*XDQDMXDWRLWVHOI$VDUHVSRQVHWRWKHVHFRQFHUQVWKH
6HUYLFLR0HWHRUROyJLFR1DFLRQDO1DWLRQDO:HDWKHU
6HUYLFHRI0H[LFR LQSDUWQHUVKLSZLWK WKH:RUOG
0HWHRURORJLFDO2UJDQL]DWLRQ :02 LQVWDOOHG D
network of automated atmospheric observing sta-
WLRQVWKH&/,PDWH&20SXWLQJ3URMHFW&/,&20
throughout the country, and several of these stations 
ZHUH SODFHG LQ*XDQDMXDWR VWDWH +RZHYHU WKH
variability of temperature and precipitation mea-
surements in this database has not yet been robustly 
H[DPLQHGIRU*XDQDMXDWR7KHUHIRUHWKHJRDOVRIWKLV
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SDSHUDUHWZRIROGSUHVHQWDK\GURPHWHRURORJLFDO
FOLPDWRORJ\RIWKHFLW\RI*XDQDMXDWRZLWKSDUWLFXODU
focus on precipitation, temperature, evaporation, run-
off, and lower-tropospheric circulation, that relates 
surface observations with synoptic-scale conditions 
found to be associated with heavy precipitation and 
H[WUHPH WHPSHUDWXUH HYHQWV DQG  H[DPLQH WKH
intraseasonal variability—important on the agricul-
tural time scale—of these same hydrometeorological 
YDULDEOHVGXULQJ-XQH6HSWHPEHULQ*XDQDMXDWRVWDWH
by phase of the leading mode of atmospheric intra-
seasonal variability, the MJO.
2. Data and methodology
Precipitation, temperature, surface pressure, evapora-
tion, potential evaporation, runoff, and upper-air height 
and circulation data used in this study came from three 
SULPDU\VRXUFHV'DLO\WHPSHUDWXUHPD[LPDPLQLPD
DQGDFFXPXODWHGSUHFLSLWDWLRQ IRU*XDQDMXDWR VWDWH
ZHUHWDNHQIURP¿YHVXUIDFHREVHUYLQJVWDWLRQVWKUHH
stations, 11007, 11094, and 11103, with the most 
complete daily records from 1979-2008, were selected 
from the CLICOM data base; one station, 76577, with 
daily data for the summer season, June-September 
1979-2011, was selected from the NCEP “Global 
Summary of the Day” data base; and data from one 
station, CCAUG, with 10-min data for the period 
2008-2012, was provided by the Centro de Ciencias 
$WPRVIpULFDVRIWKH8QLYHUVLGDGGH*XDQDMXDWR7KH
station locations, commonplace names, elevations, 
and periods of record are summarized in Table I, and 
WKHLUDSSUR[LPDWHORFDWLRQVDUHGHQRWHGE\OHWWHUV$(
RQ)LJXUH6WDWLRQQXPEHUVOHWWHUVDUHFRQVLVWHQW
ZLWKQXPEHULQJQDPLQJFRQYHQWLRQVRIWKHVRXUFH
network. 
Gridded values of temperature, surface pressure, 
upper-level geopotential height, 10 m u- and v-wind 
components, 2 m temperature, daily evaporation, daily 
potential evaporation, and daily surface runoff were 
obtained from the North American Regional Reanal-
\VLV1$550HVLQJHUet alIRUWKHSHULRG
from 1979-2011. The NARR, a regional reanalysis 
developed to support hydrometeorological research, 
has 32 km horizontal grid spacing, 45 vertical layers, 
and covers North America from 1979 to present at 3 h 
intervals. The NARR 3 h precipitation reanalyses vary 
geographically and temporally, and Bukovsky and 
.DURO\UHPLQGHGXVHUVWRDSSO\FDXWLRQZKHQ
DQDO\]LQJ1$55SUHFLSLWDWLRQ¿HOGVWKDWFRPHIURP Ta
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multiple, blended sources, particularly those crossing 
QDWLRQDOERUGHUV2YHU0H[LFRWKHDVVLPLODWHGSUH-
cipitation data were based on a gridded analysis of 24 
h rain gauge data and temporally and spatially down-
scaled to the NARR grid using the National Centers 
IRU(QYLURQPHQWDO3UHGLFWLRQ'HSDUWPHQWRI(QHUJ\
1&(3'2(*OREDO5HDQDO\VLV *5 KRXUO\
SUHFLSLWDWLRQIRUHFDVWV6LPLODUWRWKH¿QGLQJVRI%X-
NRYVN\DQG.DURO\GXULQJWKLVVWXG\SUHFLS-
LWDWLRQGLVFRQWLQXLWLHVZHUHQRWHGDWWKH860H[LFR
border and along the land-water interface ringing the 
*XOIRI0H[LFR+RZHYHUJULGGHGSUHFLSLWDWLRQRYHU
0H[LFRDQGLQ*XDQDMXDWRVWDWHLQSDUWLFXODUGLGQRW
H[KLELWDQ\QRWLFHDEOHGLVFRQWLQXLWLHV2WKHUDXWKRUV
KDYH FDXWLRQHG WKDW IRU0H[LFR WKH1$55HYDS-
oration and potential evaporation may be off by as 
PXFKDV6KHI¿HOGet alDQGWKDWUXQRII
PD\KDYHHUURUVRIVLPLODUPDJQLWXGH=KXDQG/HW-
WHQPDLHUERWKDWWULEXWDEOHWRWKHODQGVXUIDFH
scheme in the NARR. These weaknesses were taken 
into account when considering composite anomalies 
analyzed for this study; however, as will be shown, 
anomalies agreed well with other physical parame-
WHUVLQFUHDVLQJFRQ¿GHQFHLQWKHK\GURPHWHURORJLFDO
results. Daily gridded precipitation was computed 
by summing the eight 3 h NARR totals for that day. 
Analyses of daily temperature, evaporation, potential 
evaporation, surface runoff, and 700 mbar circulation 
patterns were based on NARR data from 2100 UTC, 
corresponding to 4 p.m. local time, around the typical 
starting time of afternoon convective precipitation 
during the summer monsoon season.
To understand the regional- and synoptic-scale 
circulation patterns prevalent on days with sum-
PHUVHDVRQUDLQIDOOLQ*XDQDMXDWRFRPSRVLWHDQRP-
aly charts of NARR precipitation, surface pressure, 
10 m u- and v-wind components, 2 m temperature, 
700 hPa geopotential height, evaporation, potential 
HYDSRUDWLRQDQGVXUIDFHUXQRIIZHUHH[DPLQHGIRU
the summer-season June-September. Summer-sea-
son anomalies were calculated at each grid point 
by subtracting the mean on June-September days 
ZLWK ]HUR SUHFLSLWDWLRQ DW VWDWLRQ  OHWWHU$
LQ)LJIURPWKHPHDQIRU-XQH6HSWHPEHUGD\V
ZLWKDWOHDVWPPRIUDLQIDOO7RH[DPLQHWKH
intraseasonal variability of precipitation within the 
VXPPHUVHDVRQLQ*XDQDMXDWRGDLO\UDLQIDOOWRWDOVDW
station 76577 and CLICOM stations 11007, 11094, 
DQGIURP-XQH6HSWHPEHUZHUH¿UVWELQQHG
by phase of the MJO as measured by the widely ad-
RSWHG:KHHOHUDQG+HQGRQ0XOWLYDULDWH0-2,QGH[
:KHHOHUDQG+HQGRQ7KHQGDLO\UDLQIDOO
anomalies for each of the eight MJO phases were 
calculated by subtracting, at each station, the mean 
daily rainfall for the months of June-September 
between 1979-2011 from daily rainfall average for 
each of the eight MJO phases. Composite anomalies 
of gridded NARR data were created following the 
methodology of Barrett et alDQG-XQH6HS-
WHPEHUZHUHFRQVLGHUHGWRJHWKHU)RUSHUFHQWLOHDQG
diurnal cycle analyses, anomalies were calculated 
separately for each month.
3. Results
3.1 Composite anomalies
'D\VZLWKDWOHDVWPPRIUDLQIDOOLQ*XDQDMXD-
to were characterized by a broad positive rainfall 
DQRPDO\RYHUFHQWUDODQGQRUWKHUQ0H[LFRH[WHQGLQJ
LQWRWKHVRXWKHUQ86)LJDZLWKSRVLWLYHUDLQ-
fall anomalies between 1 and 4 mm day-1. Negative 
rainfall anomalies were located to the south, over the 
3DFL¿FVRXWKHUQ0H[LFRDQGWKH<XFDWDQ3HQLQVXOD
Accompanying this dipole in daily rainfall anomalies 
was an east-west dipole in surface pressures. On days 
ZLWKUDLQIDOO LQ*XDQDMXDWRVPDOOSRVLWLYHVXUIDFH
SUHVVXUHDQRPDOLHVPEDUZHUH ORFDWHG WR WKH
ZHVWRI WKH VWDWH DORQJ WKH0H[LFDQ3DFL¿FFRDVW
while below-normal surface pressures were located 
WRWKHHDVWRYHUWKH*XOIRI0H[LFR7KHVHVXUIDFH
pressure anomalies were associated with 10 m wind 
anomalies from the southwest over much of central 
0H[LFRRQGD\VZLWKUDLQIDOO%HFDXVHRIWKHRULHQ-
tation of the topography, these wind anomalies were 
primarily upslope in character and in good agreement 
ZLWKWKHUDLQIDOOGLSROH6XUIDFHWHPSHUDWXUHV)LJE 
were up to 3 º&FRROHU LQZHVWFHQWUDO0H[LFRRQ
GD\VZLWKUDLQIDOOLQ*XDQDMXDWRDQGWKLVQHJDWLYH
DQRPDO\H[WHQGHGDFURVVPXFKRIQRUWKHUQ0H[LFR
and the southern U.S. Positive surface temperature 
anomalies, between 0.5 and 1.0 ºC above normal, 
ZHUH ORFDWHG DFURVV WKH<XFDWDQ 3HQLQVXOD DQG
northern Central America. Accompanying the surface 
temperature anomalies, on days with rain in Guana-
MXDWRPEDUJHRSRWHQWLDOKHLJKWVZHUHXS WR
m below normal across a broad area including all of 
ZHVWHUQFHQWUDODQGQRUWKHUQ0H[LFR3RVLWLYH
mbar height anomalies, up to 5 m above normal, were 
FHQWHUHGRYHU WKH<XFDWDQ3HQLQVXOD7KHVHKHLJKW
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anomalies would be associated with an anomalous 
RQVKRUHZLQG FRPSRQHQW RYHU*XDQDMXDWR VWDWH
ZLWK LWV RULJLQV LQ WKHPRLVW WURSLFDO(DVW 3DFL¿F
2FHDQVRXWKRI0H[LFR
:KHQWKHFRPSDULVRQWKUHVKROGZDVLQFUHDVHG
to 15 mm, which corresponded to the 90th percen-
tile in daily rainfall amount from 1979-2011, the 
SDWWHUQVVKRZQLQ)LJXUHRIUDLQIDOOUDWHVVXUIDFH
pressure, 10 m winds, 2 m temperature, and 700 
PEDUKHLJKWVDOOZHUHDPSOL¿HG)LJ3RVLWLYH
rainfall anomalies, as much as 5 mm day-1, con-
FHQWUDWHGLQWKHVWDWHVERUGHULQJ*XDQDMXDWRDQG
positive surface pressure anomalies were found 
DORQJ WKH FHQWUDO0H[LFDQZHVW FRDVW1HJDWLYH
surface pressure anomalies were located over 
QRUWKHUQ0H[LFRDQGWKH*XOIRI0H[LFR6XUIDFH
wind anomalies, in agreement with the sea level 
pressure pattern, were westerly in the northern 
DQGFHQWUDOSDUWVRI*XDQDMXDWRVWDWHLQGLFDWLQJDQ
HQKDQFHGXSVORSHÀRZZLQGFRPSRQHQWDORQJWKH
topography. The dipole in surface temperatures and 
PEDUJHRSRWHQWLDOKHLJKWVDOVRDPSOL¿HGZLWK
temperature anomalies of –3 ºC co-located with 700 
mbar height anomalies of –10 m over and north of 
*XDQDMXDWRDQGWHPSHUDWXUHDQRPDOLHVRIºC 
and positive 700 mbar height anomalies over the 
<XFDWDQ3HQLQVXOD
Composites of hydrometeorological variables 
of evaporation, potential evaporation, and surface 
UXQRIIZHUHDOVRH[DPLQHGERWKIRUWKHPHDQVWDWH
)LJDFDQGUDLQ\GD\V)LJVGI*XDQDMXDWR
state was found to be situated in a transition between 
FOLPDWRORJLFDOO\ORZHYDSRUDWLRQPPKLJK
SRWHQWLDOHYDSRUDWLRQPPDQGORZVXUIDFHUXQ-
Anomalies of rainfall (mm day–1), surface pressure,
10-m wind for day with >0 mm of rain in Guanajuato
Anomalies of 2-m temperature (ºC) and 700-mb
heigh (m) for day with >0 mm of rain in Guanajuato
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SUHFLSLWDWLRQVHDOHYHO
SUHVVXUHDQGPZLQGDQGEPWHPSHUDWXUHDQG
700 mbar height. Anomalies were calculated at each grid 
point by subtracting mean values on June-September days 
with no rainfall at station 76577 from the mean values on 
June-September days with at least 0.25 mm of rainfall at 
station 76577.
Anomalies of rainfall (mm day–1), surface pressure,
10-m wind for day with >15 mm of rain in Guanajuato
Anomalies of 2-m temperature (ºC) and 700-mb
heigh (m) for day with >15 mm of rain in Guanajuato
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)LJ6DPHDV)LJEXWLQVWHDGPHDQYDOXHVDWHDFK
grid point on June-September days with zero rainfall 
were subtracted from mean values on June-September 
GD\VZLWKDWOHDVWPPWKHWKSHUFHQWLOHRIUDLQIDOO
at station 76577.
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RIIPPRYHUQRUWKHUQ0H[LFRDQGKLJK
HYDSRUDWLRQPPORZSRWHQWLDOHYDSRUDWLRQ
PP DQG KLJK VXUIDFH UXQRII 
PPRYHUVRXWKHUQ0H[LFR)LJDF&RPSRVLWH
DQRPDOLHVIRUGD\VZLWKUDLQIDOOLQ*XDQDMXDWRVKRZ
that positive evaporation anomalies, up to 0.1 mm, 
were located north, east, and south of the state, with 
QHDU]HURDQRPDOLHVRYHUZHVWHUQ*XDQDMXDWRVWDWH 
)LJ G2Q UDLQ\ GD\V LQ*XDQDMXDWR SRWHQWLDO
evaporation decreased substantially, with negative 
anomalies of –0.2 mm over much of central and 
QRUWKHUQ0H[LFR)LJHDVZHOODVSRVLWLYHDQRP-
DOLHVXSWRPPRYHUWKH<XFDWDQ3HQLQVXODDQG
QRUWKHUQ&HQWUDO$PHULFD5DLQ\GD\VLQ*XDQDMXDWR
were associated with slightly increased runoff, up 
WRPPRYHUDQGHDVWRI*XDQDMXDWRVWDWHZLWK
QHJDWLYHDQRPDOLHVRI±PPRYHUWKH<XFDWDQ
3HQLQVXOD)LJI
Mean evaporation
(mm day–1)
Evaporation anomaly (mm day–1)
days with >0 mm rain in GTO
Mean potential
evaporation (mm day–1)
Potential evaporation anomaly (mm day–1)
days with >0 mm rain in GTO
Mean surface
runoff (mm day–1)
Surface runoff anomaly (mm day–1)
days with >0 mm rain in GTO
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
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3.2 Time series
$WLPHVHULHVRIGDLO\SUHFLSLWDWLRQWRWDOVDW:02
station 76577 and CLICOM stations 11007 and 11094 
DOOWKUHHVWDWLRQVDUHPDUNHGRQ)LJDUHYHDOHGQR
VLJQL¿FDQWWUHQGIURPLQWKHIUDFWLRQRI
days per month with total daily precipitation above 
the 90th percentile for the months of June-September 
)LJPRQWKO\WLPHVHULHVLQGDVKHGOLQHVDQG\HDU
PRYLQJDYHUDJHLQEROG)UDFWLRQRIGD\VSHUPRQWK
was selected as the metric to control for small gaps in 
precipitation data coverage for each station. In addi-
tion to having no long-term trend, monthly fraction 
of days with precipitation above the 90th percentile 
ZDV DOVR IRXQG WR KDYHQR VWDWLVWLFDOO\ VLJQL¿FDQW
linear correlation with sea surface temperatures in 
the Niño3.4 region, with Pearson product-moment 
FRUUHODWLRQFRHI¿FLHQWVUDQJLQJIURP±WR
for each of the three stations between June and Sep-
WHPEHU7DEOH,,7KLVODFNRIFRUUHODWLRQEHWZHHQ
frequency of heavy rainfall and Niño3.4 sea surface 
temperatures agrees with other studies, including 
Magaña et al ZKRQRWHG WKDW*XDQDMXDWR
state was situated north of the transition zone between 
VRXWKHUQ0H[LFRZKHUHGDLO\SUHFLSLWDWLRQGRHVYDU\
E\(162SKDVH DQG WKHQRUWKHUQSDUW RI0H[LFR
where it does not.
7LPHVHULHVRIGDLO\PD[LPXPWHPSHUDWXUHDERYH
the 90th percentile and below the 10th percentile 
were found to have positive and negative long-term 
WUHQGVUHVSHFWLYHO\)LJIRUDOOPRQWKV-XQH6HS-
tember. Mean fraction of days in the early 1980s with 
PD[LPXPWHPSHUDWXUHDERYHWKHWKSHUFHQWLOHZDV
around 0.05, while by the late 2000s, the fraction had 
FOLPEHGWR)LJD6LPLODUO\PHDQIUDFWLRQRI
days in the early 1980s with minimum temperature be-
low the 10th percentile was around 0.15, while by the 
late 2000s, the fraction had decreased to below 0.10. 
7HPSHUDWXUHVZHUHH[DPLQHGIRU:02VWDWLRQ
and CLICOM station 11094, the two stations with the 
PRVWFRPSOHWHPD[LPXPWHPSHUDWXUHUHFRUGV
3.3 MJO variability
:KHQWKH0-2ZDVLQSKDVHVDVGHVFULEHGLQVHF-
WLRQ0-2SKDVHIRUWKLVVWXG\GH¿QHGE\WKHPHWULF
RI:KHHOHUDQG+HQGRQ>@GDLO\UDLQIDOOZDV
up to 0.05 mm day-1DERYHQRUPDO)LJ6LPLODUO\
when the MJO was in phases 4 and 5, daily rainfall 
was around 0.05 mm day-1 below normal. The sinu-
VRLGDOYDULDELOLW\SDWWHUQH[KLELWHGE\WKHVHUDLQIDOO
anomalies, whereby several consecutive phases of 
above-normal rainfall were followed by near-normal 
rainfall and then several phases of below-normal 
rainfall, indicates that the rainfall anomalies were in 
agreement with the general propagation of the MJO 
e.g.=KDQJ7KHDQRPDOLHVLQSKDVHVDQG
DUHVWDWLVWLFDOO\VLJQL¿FDQWO\DERYHDQGEHORZQRUPDO
UHVSHFWLYHO\DWWKHFRQ¿GHQFHOHYHOXVLQJWKH
Student t-test. To test the physical plausibility of the 
variability by phaseLQ)LJXUHFRPSRVLWHDQRPD-
lies of surface pressure, precipitation, surface wind, 
surface temperature, 700 mbar height, and potential 
evaporation were created for each MJO phase, and 
then compared to the composite patterns for rainy 
GD\VLQ*XDQDMXDWRVWDWHSUHVHQWHGLQ)LJXUH&RP-
posite anomalies of precipitation for each MJO phase 
2010
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above the 90th percentile, June-September 1979-2011. 
Dashed lines are averages of stations 76577, 11007, and 
11094, and solid lines are 3-yr moving averages.
7DEOH,,3HDUVRQSURGXFWPRPHQWFRUUHODWLRQFRHI¿FLHQWV
between ENSO and number of days per month with daily 
precipitation amount above the 90th percentile
Station June July August September
11007 –0.14 0.10 0.22 0.18
11073 –0.22 0.06 0.27 0.07
11094 –0.11 0.07 0.05 0.08
11103 –0.06 0.10 0.22 0.08
76577 –0.29 –0.23 –0.22 –0.05
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)LJDJUHHGUHDVRQDEO\ZHOOZLWKWKHSDWWHUQRI
YDULDELOLW\LQ)LJXUHZKHUHE\SKDVHVZHUHDV-
sociated with positive rainfall anomalies over central 
0H[LFRSKDVHVZLWKQHXWUDOWRQHJDWLYHDQRPD-
OLHVRYHUDQGVRXWKRI*XDQDMXDWRVWDWHSKDVHZLWK
near-normal anomalies, and phase 8 returning toward 
SRVLWLYHDQRPDOLHV)LJ6XUIDFHSUHVVXUHVZHUH
ORZHUWKDQQRUPDORYHUFHQWUDODQGQRUWKHUQ0H[LFR
during MJO phases 1-3 and higher than normal over 
the same area during phases 5-7. The largest pressure 
and rainfall anomalies associated with the MJO were 
FHQWHUHGRIIVKRUHWRWKHVRXWKRI0H[LFRLQWKHWURS-
LFDO3DFL¿F6XUIDFHWHPSHUDWXUHDQRPDOLHV)LJ 
agreed well with both the precipitation composite 
DQRPDOLHVLQ)LJXUHDVZHOODVWKHFOLPDWRORJ\IRU
UDLQ\GD\VLQ*XDQDMXDWR)LJ1HJDWLYHWHPSHUD-
ture anomalies, as large as –3 ºC, were located over 
VRXWKHUQDQGFHQWUDO0H[LFRGXULQJ0-2SKDVHV
ZKLFKZHUHIRXQGWREHWKHUDLQ\SKDVHV3RVLWLYH
temperature anomalies as large as 3 º&H[WHQGHGIURP
*XDQDMXDWRVWDWHWRWKHVRXWKZHVWDORQJWKH0H[LFDQ
3DFL¿FFRDVWGXULQJSKDVHVZKLFKZHUHIRXQG
WREHWKHGU\SKDVHV'XULQJ0-2SKDVHV
mbar geopotential heights were up to 10 m below 
normal, with largest negative anomalies centered 
RYHUQRUWKFHQWUDO0H[LFR'XULQJ0-2SKDVHV
positive height anomalies up to 12 m above normal 
ZHUH FHQWHUHGZHVW DQG VRXWKZHVW RI*XDQDMXDWR
VWDWH)LJ%\SKDVHWKHDQRPDO\SDWWHUQKDG
switched, with negative 700 mbar height anomalies 
DJDLQORFDWHGQRUWKZHVWRI*XDQDMXDWR$QRPDOLHV
LQSRWHQWLDOHYDSRUDWLRQ)LJVKRZWKDWGXULQJ
WKHFROGHUUDLQLHUSKDVHVLQFHQWUDO0H[LFRSKDVHV
DQGSRWHQWLDOHYDSRUDWLRQRYHUVRXWKHUQDQGFHQ-
WUDO0H[LFRZDVDVPXFKDVPPEHORZQRUPDO 
)LJ'XULQJWKHZDUPHUGULHUSKDVHVLQ*XDQD-
MXDWRSKDVHVDQGSRWHQWLDOHYDSRUDWLRQDQRPD-
lies were positiveRYHUPXFKRIFHQWUDO0H[LFRZLWK
anomalies as much as 0.15 mm above normal.
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76577 and 11094, and solid lines represent 3-yr moving average.
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)LJ&RPSRVLWHDQRPDOLHVRISUHFLSLWDWLRQPPGD\–1VXUIDFHSUHVVXUHPEDQGPZLQGE\0-2SKDVH
IRU-XQH6HSWHPEHU*ULGGHGGDWDIURP1$55
Temperature, relative humidity, station pressure, 
rainfall, and insolation from 2008-2012 at CCAUG 
VWDWLRQ OHWWHU( LQ )LJ  H[KLELWHG ERWK GLXUQDO
and seasonal variability from June to September 
)LJ DH 6XUIDFH WHPSHUDWXUHV UHDFKHG D GDLO\
PD[LPXPDURXQG87&DQGDGDLO\PLQLPXP
around 1400 UTC, and were highest in June and 
ORZHVW LQ6HSWHPEHU)LJD5HODWLYHKXPLGLW\
UHDFKHG D GDLO\PD[LPXPDURXQG87&DQG
a daily minimum around 2000 UTC, in agreement 
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with surface temperatures, and was highest in July 
DQGORZHVWLQ-XQH)LJE6WDWLRQSUHVVXUHVZHUH
ELPRGDO UHDFKLQJGDLO\PD[LPDDURXQGDQG
1700 UTC and daily minima around 2400 and 1100 
UTC, and were highest in July and lowest in June 
)LJF5DLQIDOOUDWHVUHDFKHGDGDLO\PD[LPXP
between 2000 and 0500 UTC and a daily minimum 
around 1400 UTC, with highest late evening rain-
IDOOUDWHVIURP87&LQ-XO\DQG$XJXVWDQG
KLJKHVWODWHDIWHUQRRQ87&UDLQIDOOUDWHVLQ
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-XQHDQG6HSWHPEHU)LJG6RODUUDGLDWLRQZDV
highest in June and reached a local peak around 1700 
87&)LJH
Despite the shorter time series for the CCAUG 
VWDWLRQGDWDRQO\D\HDUSHULRGZDVDYDLODEOHIRU
DQDO\VLVWKHGLXUQDOF\FOHVGLGH[KLELWYDULDELOLW\E\
SKDVHRIWKH0-2)LJIM'D\WLPHWHPSHUDWXUHV
were highest in phases 6 and 8 and lowest in phases 
DQG)LJI1RFWXUQDOWHPSHUDWXUHVVKRZHG
little variability by phase of the MJO. Afternoon 
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relative humidity also varied by phase of the MJO, 
with highest relative humidity occurring in phase 4, 
in agreement with lower temperatures, and lowest 
relative humidity occurred in phases 5, 6, and 8, also 
DJUHHLQJZLWKKLJKHUWHPSHUDWXUHV)LJJ6XUIDFH
pressure anomalies were highest in phases 1, 6, and 8 
DQGORZHVWLQSKDVH)LJK5DLQIDOOUDWHDQRP-
alies were generally highest in phases 1 through 3, 
LQDJUHHPHQWZLWK)LJDOWKRXJKKLJKODWHHYHQLQJ
UDLQIDOOUDWHVZHUHDOVRREVHUYHGLQSKDVH)LJL
Anomalously low rainfall occurred during phase 6, 
particularly during the late evening hours. Incoming 
solar radiation was highest in phases 4, 5, 6, and 8 
DQGORZHVWLQSKDVHVDQG)LJMLQDJUHHPHQW
ZLWKWKHWHPSHUDWXUHDQRPDOLHVLQ)LJXUHI
4. Discussion
,QWKLVSDSHUZHH[DPLQHGDQRPDOLHVRIDWPRVSKHULF
and hydrometeorological variables associated with 
SUHFLSLWDWLRQLQ*XDQDMXDWRDVZHOODVWLPHVHULHVRI
SUHFLSLWDWLRQDQGWHPSHUDWXUHDW¿YHVXUIDFHREVHUY-
ing stations in the central part of the state. These vari-
DEOHVZHUHFKRVHQIRUVWXG\EHFDXVHRI*XDQDMXDWR
state’s location in a transition between key climate 
zones, including seasonality of annual precipitation 
DQGDVVRFLDWLRQZLWKPDMRUFOLPDWHRVFLOODWLRQVDQG
its over-use of scarce water resources. It was found 
that on days when precipitation was recorded at the 
:02VWDWLRQLQ*XDQDMXDWRSUHFLSLWDWLRQZDVDERYH
normal across a broad area of central and southern 
0H[LFR$FFRPSDQ\LQJ WKHVH UDLQIDOO DQRPDOLHV
surface pressures were up to 1 mbar higher along 
0H[LFR¶V3DFL¿FFRDVWDQGPEDU ORZHURYHU WKH
*XOI RI0H[LFR GULYLQJ DQ DQRPDORXV XSVORSH
surface wind component. Surface temperatures were 
up to 2 ºC cooler over much of the western, central, 
DQG QRUWKHUQ0H[LFR DQG PEDU JHRSRWHQWLDO
heights were up to 10 m below normal over much 
RIFHQWUDODQGQRUWKHUQ0H[LFR)RUGD\VZLWKWRWDO
SUHFLSLWDWLRQH[FHHGLQJWKHFOLPDWRORJLFDOWKSHU-
centile, the patterns in precipitation, temperature, 
KHLJKWDQGSUHVVXUHLGHQWL¿HGDERYHDOODPSOL¿HG
This agreement in anomalies between central and 
QRUWKHUQ0H[LFRVXJJHVWVWKDWIRUVXPPHUVHDVRQ
temperature and precipitation, the climate of Gua-
QDMXDWR EHKDYHV VLPLODUO\ WR WKDW RI QRUWKHUQ DQG
FHQWUDO0H[LFR+\GURPHWHRURORJLFDOYDULDEOHVDOVR
generally agreed with these patterns, whereby days 
ZLWKUDLQLQ*XDQDMXDWRZHUHDVVRFLDWHGZLWKHYDS-
RUDWLRQXSWRPPKLJKHURYHUPXFKRI0H[LFR
and potential evaporation as much as 0.2 mm lower 
RYHU*XDQDMXDWRDQGQRUWKHUQ0H[LFR:LWKPRUH
precipitation, more water was available for evapora-
tion, and with cooler temperatures, the potential for 
evaporation was reduced. Surface runoff was found 
WREHDERYHQRUPDORYHUFHQWUDODQGQRUWKHUQ0H[LFR
RQGD\VZLWKUDLQLQ*XDQDMXDWRDJDLQLQDJUHHPHQW
with the patterns of precipitation and temperature 
DQG VXJJHVWLQJ WKDW*XDQDMXDWR¶V VXPPHUVHDVRQ
climate behaves similarly to that of northern and 
FHQWUDO0H[LFR
Precipitation was found to vary by phase of the 
MJO, with phases 2-3 associated with above-nor-
mal rainfall and phases 4, 5, and 8 with below-nor-
mal rainfall. Phases 1 and 6 were associated with 
near-normal rainfall. Composite anomalies by MJO 
phase showed above-normal precipitation over much 
RIFHQWUDODQGVRXWKHUQ0H[LFRLQSKDVHVDQG
ZLWKDERYHQRUPDOSUHFLSLWDWLRQLQFHQWUDO0H[LFR
in phase 3 switching to near- and below-normal pre-
cipitation in phases 4-7. Phase 8 was associated with 
DERYHQRUPDOSUHFLSLWDWLRQDORQJ0H[LFR¶VVRXWKHUQ
3DFL¿FFRDVWDQGQHDUWREHORZQRUPDOSUHFLSLWDWLRQ
QHDU*XDQDMXDWRVWDWH6XUIDFHWHPSHUDWXUHVDJUHHG
ZHOOZLWKWKLVSDWWHUQZKHUHE\FRROHUZDUPHUWKDQ
normal temperatures were found in the same geo-
graphic areas and during the same phases as the wetter 
GULHUSUHFLSLWDWLRQDQRPDOLHV6XUIDFHSUHVVXUHDQG
700 mbar geopotential heights also varied by MJO 
phase, with below-normal pressures and heights over 
QRUWKHUQ0H[LFRLQSKDVHVDQGQHDUQRUPDO
pressures and heights in phase 4, and above-normal 
pressures and heights in phases 4-7. It is interesting 
to note that the increase in rainfall during MJO phase 
LQ*XDQDMXDWR)LJZDVQRWJHQHUDOO\VXSSRUWHG
E\WKHFRPSRVLWHDQRPDOLHVRISUHFLSLWDWLRQ)LJ 
RUWHPSHUDWXUH)LJ+RZHYHUFORVHUH[DPLQD-
tion reveals that phase 6 is associated with large 
positive surface temperature anomalies over much 
RIVRXWKZHVWHUQ0H[LFRLQFOXGLQJ*XDQDMXDWRVWDWH
It is possible that this increase in temperature, and 
the locally enhanced mountain-valley convergent 
FLUFXODWLRQVWKDWZRXOGUHVXOWLQ*XDQDMXDWRGULYHD
ORFDOLQFUHDVHLQSUHFLSLWDWLRQWKDWLVQRWUHÀHFWHGRQ
the larger scale. The diurnal cycles of temperature, 
relative humidity, surface pressure, rainfall, and solar 
radiation were all found to vary by phase of the MJO, 
generally in good agreement with the composites 
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LQ )LJXUHV  )RU H[DPSOH WKHZHWWHVW SKDVHV
particularly phases 2 and 3, were associated with 
cooler late-afternoon surface temperatures, higher 
afternoon relative humidities, and reduced insolation. 
Similarly, the driest MJO phases, particularly phases 
4, 5, and 7, were associated with higher afternoon 
temperatures, lower afternoon relative humidities, 
and higher insolation.
The frequency of days per month with precipita-
WLRQH[FHHGLQJWKHWKSHUFHQWLOHZDVQRWIRXQGWR
KDYHLQFUHDVHGIURP0D[LPXPVXUIDFH
temperatures, however, were found to generally have 
LQFUHDVHGZLWKWKHIUDFWLRQRIGD\VZLWKPD[LPXP
temperatures above the 90th percentile more than 
tripling from 1979-2011 and the fraction of days with 
PD[LPXP WHPSHUDWXUHV EHORZ WKH WK SHUFHQWLOH
decreasing by more than 50%. This has import-
ant implications for water resource management. 
:DUPHUWHPSHUDWXUHVFDXVHLQFUHDVHGHYDSRUDWLRQ
which both reduces the water available for use from 
reservoirs and watersheds and increases the demand 
for water from different sectors, particularly the ag-
ricultural sector. Two possible mitigation strategies 
FRPH IURP WKH0-2 UHVXOWV )LUVW GXULQJ SKDVHV
ZLWKHQKDQFHGUDLQIDOOZDWHUXVHUVFDQH[SHFWPRUH
natural input and thus would need to draw less from 
reservoirs or watersheds, possibly reducing waste. 
Second, during phases with reduced temperatures 
DQGHYDSRUDWLRQZDWHUXVHUVFDQH[SHFWWRORVHOHVV
water to the atmosphere and thus can reduce their 
drawdown from reservoirs or watersheds.
5. Conclusions
2Q-XQH6HSWHPEHUGD\VZLWK UDLQ LQ*XDQDMXDWR
cooler than normal temperatures, above-normal pre-
cipitation, and lower pressures at 700 mbar heights 
are found over a broad region of northern and central 
0H[LFR+LJKHUWKDQQRUPDOHYDSRUDWLRQDQGEHORZ
normal potential evaporation, were also found over 
PXFKRIQRUWKHUQDQGFHQWUDO0H[LFRRQ-XQH6HS-
WHPEHUGD\VZLWKUDLQLQ*XDQDMXDWR3UHFLSLWDWLRQ
ZDVQRWIRXQGWRYDU\LQWHUVHDVRQDOO\IRUH[DPSOH
by phase of ENSO. Nor was there a trend in the fre-
quency of heavy precipitation, with daily amounts 
WKDWH[FHHGHGWKHORQJWHUPWKSHUFHQWLOHWKUHVKROG
QRWFKDQJLQJIURP+RZHYHUPD[LPXP
temperatures have increased from 1979-2011, with 
WKHIUHTXHQF\RIPD[LPXPWHPSHUDWXUHVH[FHHGLQJ
the 90th percentile increasing to near 30% at the end 
RIWKHSHULRGDQGWKHIUHTXHQF\RIPD[LPXPWHP-
peratures below the 10th percentile decreasing to near 
5%. Precipitation, temperature, and circulation, both 
LQ*XDQDMXDWRDQGRYHUPXFKRI0H[LFRZHUHIRXQG
to vary intraseasonally by phase of the MJO. Phases 
2-3 were associated with above-normal rainfall, and 
phases 4, 5, and 8 were associated with below-normal 
rainfall. Surface temperatures had similar variability, 
ZLWKFRROHUZDUPHUWKDQQRUPDOWHPSHUDWXUHVIRXQG
LQ WKHVDPHJHRJUDSKLFDUHDVGXULQJZHWWHUGULHU
precipitation phases.
Acknowledgements
The authors would like to thank the Servicio Meteo-
rológico Nacional for providing the CLICOM data, 
as well as two anonymous reviewers for helpful 
comments to improve the manuscript. Partial support 
for this work came from a grant from the U.S. Naval 
Academy Research Council.
References
$JXLODU(7&3HWHUVRQ35DPtUH]2EDQGR5)UXWRV-
A. Retana, M. Solera, J. Soley, I. González García, R. 
0$UDXMR$5RVD6DQWRV9(9DOOH0%UXQHW/
Aguilar, L. Álvarez, M. Bautista, C. Castañón, L. Her-
rera, E. Ruano, J. J. Sinay, E. Sánchez, G. I. Hernández 
2YLHGR)2EHG-(6DOJDGR-/9i]TXH]0%DFD
0*XWLpUUH]&&HQWHOOD-(VSLQRVD'0DUWtQH]%
2OPHGR&(2MHGD(VSLQR]D51~xH]0+D\ORFN
H. Benavides and R. Mayorga, 2005. Changes in pre-
FLSLWDWLRQDQGWHPSHUDWXUHH[WUHPHVLQ&HQWUDO$PHULFD
and northern South America, 1961-2003. J. Geophys. 
Res. 110'GRL-'
$OOH\:07(5HLOO\DQG2/)UDQNHSus-
tainability of ground-water resources. U.S. Geological 
Survey Circular 1186. U.S. Geological Survey, Denver, 
CO, 79 pp.
%DUORZ0DQG'6DOVWHLQ6XPPHUWLPHLQÀXHQFH
of the Madden-Julian Oscillation on daily rainfall over 
0H[LFRDQG&HQWUDO$PHULFDGeophys. Res. Lett. 33, 
L21708.
Barrett B. S. and L. M. Leslie, 2009. Links between trop-
ical cyclone activity and Madden-Julian Oscillation 
SKDVH LQ WKH1RUWK$WODQWLF DQG1RUWKHDVW 3DFL¿F
basins. Mon. Weather Rev. 137, 727-744.
%DUUHWW% 6 - )&DUUDVFR DQG$ 37HVWLQR 
0DGGHQ-XOLDQ2VFLOODWLRQ0-2PRGXODWLRQRIDWPR-
spheric circulation and Chilean winter precipitation. J. 
Climate 25, 1678-1688.
536 B. S. Barrett and M. I. Esquivel Longoria
Bukovsky M. S. and D. J. Karoly, 2007. A brief evaluation 
of precipitation from the North American Regional 
Reanalysis. J. Hydrometeor. 8, 837-846.
Cavazos T. and S. Hastenrath, 1990. Convection and rain-
IDOORYHU0H[LFRDQGWKHLUPRGXODWLRQE\WKH6RXWKHUQ
Oscillation. Int. J. Climatol. 10, 377-386.
Comrie A. C. and E. C. Glen, 1998. Principal compo-
nents-based regionalization of precipitation regimes 
across the southwest United States and northern 
0H[LFRZLWKDQDSSOLFDWLRQWRPRQVRRQSUHFLSLWDWLRQ
variability. Clim. Res. 10, 201-215.
&RQVWDQWLQR50DQG+5'iYLOD8QDDSUR[L-
mación a la vulnerabilidad y la resiliencia ante eventos 
KLGURPHWHRUROyJLFRVH[WUHPRVHQ0p[LFRPolítica y 
Cultura 36, 15-44.
Cortes A., J. Durazo and S. Kralisch, 2007. Rapid isotopic 
FKDQJHVLQJURXQGZDWHUXSSHU5LR*XDQDMXDWRFDWFK-
PHQW0H[LFR Geo¿s. Int. 46, 75-82.
Curtis S., 2008. The Atlantic multidecadal oscillation and 
H[WUHPHGDLO\SUHFLSLWDWLRQRYHU WKH86DQG0H[LFR
during the hurricane season. Clim. Dynam. 30, 343-351.
'RXJODV0:5$0DGGR[.+RZDUGDQG65H\HV
7KH0H[LFDQPRQVRRQJ. Climate 6, 1665-1677.
(QJOHKDUW3-DQG$9'RXJODV0H[LFR¶VVXP-
mer rainfall patterns: an analysis of regional modes 
and changes in their teleconnectivity. Atmósfera 15, 
147-164.
*DUFtD( 0RGL¿FDFLRQHV DO VLVWHPD GH FODVL¿-
cación climática de Köppen. Serie Libros, 6. Instituto 
de Geografía, Universidad Nacional Autónoma de 
0p[LFRSS
Giddings L., M. Soto, B. M. Rutherford and A. Maarouf, 
6WDQGDUGL]HGSUHFLSLWDWLRQLQGH[]RQHVIRU0H[-
ico. Atmósfera 18, 33-56.
+XHUWD -0(VTXLYHO/RQJRULD )$UHOODQR/DUD 6
DomíQJXH]5XL] DQG ) 5RVDOHV)ORUHV $
V\VWHPG\QDPLFVDSSURDFKWRH[DPLQHFOLPDWHFKDQJH
LPSDFWVWKHFDVHRIWKH6WDWHRI*XDQDMXDWR0H[LFR
Proceedings of the 29th International Conference of 
the System Dynamics Society:DVKLQJWRQ'&SS
Madden R. A. and P. R. Julian, 1972. Description of glob-
al-scale circulation cells in the tropics with a 40–50 
day period. J. Atmos. Sci. 29, 1109-1123.
Magaña V., J. A. Amador and S. Medina, 1999. The mid-
VXPPHUGURXJKWRYHU0H[LFRDQG&HQWUDO$PHULFDJ. 
Climate 12, 1577-1588.
Magaña J. L. Perez and J. B. Perez, 2003. Impact of El Nino 
RQSUHFLSLWDWLRQLQ0H[LFRGeo¿s. Int. 42, 313-330.
Maloney E. D. and D. L. Hartmann, 2000. Modulation of 
HDVWHUQ1RUWK3DFL¿FKXUULFDQHVE\WKH0DGGHQ-XOLDQ
Oscillation J. Climate 13, 1451-1460.
0pQGH]3pUH]-08QHVWXGLRGHHYHQWRVKLGUR-
PHWHRUROyJLFRVH[WUHPRVHQOD5HS~EOLFD0H[LFDQD
MSc. Thesis. Universidad Nacional Autónoma de 
0p[LFRSS
0HVLQJHU)*'L0HJR(.DOQD\.0LWFKHOO3&
6KDIUDQ:(ELVX]DNL'-RYLü-:RROOHQ(5RJ-
HUV(+%HUEHU\0%(N<)DQ5*UXPELQH:
+LJJLQV+/L</LQ*0DQLNLQ'3DUULVKDQG:
Shi, 2006. North American Regional Reanalysis. Bull. 
Amer. Meteor. Soc. 87, 343-360. 
Peralta-Hernández A. R., R. C. Balling Jr. and L. R. Bar-
ba-Martínez, 2009. Comparative analysis of indices 
RIH[WUHPHUDLQIDOOHYHQWVYDULDWLRQVDQGWUHQGVIURP
VRXWKHUQ0H[LFRAtmósfera 22, 219-228.
3HWHUVRQ7&; =KDQJ0%UXQHW,QGLD DQG - /
Vázquez-Aguirre, 2008. Changes in North American 
H[WUHPHVGHULYHGIURPGDLO\ZHDWKHUGDWDJ. Geophys. 
Res. 113'GRL-'
Ramírez L. G., O. Oropeza-Orozco, J. Jugo-Hubp, M. 
Cortez-Vázquez and E. Jáuregui-Ostos, 2007. Análisis 
de las principales causas de las inundaciones de sep-
WLHPEUHGHHQHOVXUGHOHVWDGRGH*XDQDMXDWR
0p[LFRInvestigaciones Geográ¿cas 64, 7-25.
5RSHOHZVNL&)DQG06+DOSHUW1RUWK$PHUL-
can precipitation and temperature patterns associated 
ZLWKWKH(O1LxR6RXWKHUQ2VFLOODWLRQ(162Mon. 
Weather Rev. 114, 2352-2362.
6FRWW&$ -$ =DUD]~D DQG* /HYLQH Ur-
ban-wastewater reuse for crop production in the wa-
ter-short Guanajuato river basin, Mexico. Research 
5HSRUW,QWHUQDWLRQDO:DWHU0DQDJHPHQW,QVWLWXWH
Colombo, Sri Lanka, 35 pp.
6KHI¿HOG - ( ):RRG DQG)0Xñoz-Arriola, 2010. 
Long-term regional estimates of evaportranspiration 
IRU0H[LFREDVHGRQGRZQVFDOHG,6&&3GDWDJ. Hy-
drometeorol. 11, 253-275.
:KHHOHU0DQG+++HQGRQ$QDOOVHDVRQUH-
DOWLPHPXOWLYDULDWH0-2LQGH['HYHORSPHQWRIDQ
LQGH[IRUPRQLWRULQJDQGSUHGLFWLRQMon. Wea. Rev. 
132, 1917-1932.
=KDQJ&0DGGHQ±-XOLDQRVFLOODWLRQRev. Geophys. 
43, 1-36.
=KX&DQG'3/HWWHQPDLHU/RQJWHUPFOLPDWH
DQGGHULYHGVXUIDFHK\GURORJ\DQGHQHUJ\ÀX[GDWDIRU
0H[LFR±J. Climate 20, 193-1946.
